is access to genomic template DNA, one of the problems that hinders their application is the need for a method to obtain enough high-quality genomic templates from a single cell. Due to the small quantities of sample and the small volumes that are involved in single-cell analysis techniques, the method used for cell lysis must be chosen carefully. An ideal lysis scheme is needed that not only enhances the release of genome template but also maintains its integrity.
Presently, there are three primary types of lysis procedures: chemical lysis, enzymatic lysis, and physical lysis (6) (7) (8) . Each lysis method has its advantages as well as its drawbacks. Many common microorganisms can be lysed using chemical agents, such as alkali or detergents, or by enzymatic treatment (6) (7) (8) . However, lysis is a significant challenge for thick-walled organisms such as those in the Bacillus genus (9) . As a result, physical treatments have been used to enhance lysis (8, 10) . Physical treatments can be divided into mechanical disruption and thermal shock (heating or freezing/ thawing). Mechanical disruption, such as sonication or bead beating, can lyse thick-walled organisms more effectively Improved lysis of single bacterial cells by a modified alkaline-thermal shock procedure Single-cell genomics (SCG) is a recently developed tool to study the genomes of unculturable bacterial species. SCG relies on multiple-strand displacement amplification (MDA), PCR, and next-generation sequencing (NGS); however, obtaining sufficient amounts of high-quality DNA from samples is a major challenge when performing this technique. Here we present an improved bacterial cell lysing procedure that combines incubation in an alkaline buffer with a thermal shock (freezing/heating) treatment to yield highly intact genomic DNA with high efficiency. This procedure is more efficient in lysing Bacillus subtilis and Synechocystis cells compared with two other frequently used lysis methods. Furthermore, 16S ribosomal RNA gene and overall genome recovery were found to be improved by this method using single cells from a Utah desert soil community or Escherichia coli single cells, respectively. The efficiency of genome recovery for E. coli single cells using our procedure is comparable with that of the REPLI-g Single Cell (sc) Kit, but our method is much more economical. By providing high-quality genome templates suitable for downstream applications, our procedure will be a promising improvement for SCG research.
Reports

METHOD SUMMARY
We have developed an improved method for the lysis of single bacterial cells that yields highly intact genomic DNA suitable for single-cell genomics. Our method combines incubation of the cells in an alkaline buffer with a freeze/thaw treatment. 11, 12) , but it also leads to fragmentation of DNA (8) (9) (10) . For this reason, the combined use of thermal shock with chemical lysis have been adopted in order to obtain a higher bacterial lysing efficiency (10, 11) .
Here we present a modified singlecell lysis procedure that combines alkali treatment with freezing/heating, which we applied to both a single species and a soil community. To demonstrate the universality of our method for the lysis of single cells, we chose Bacillus subtilis, a commonly studied bacterium, and Synechocystis, a representative organism that is difficult to lyse (13) (14) (15) (16) . Our lysis method exhibited a higher efficiency compared with two commonly used methods. Analysis of the recovery of 16S rRNA genes and genomic DNA from single cells was also performed on a soil sample and Escherichia coli, respectively, in order to evaluate our procedure for its universality and preservation of the genome template. We achieved better genome recovery for all samples using our lysis method, which is an indication that it will be a useful lysis procedure for SCG research. (6) . The alkaline buffer was the same as M2, while an additional 1.5 ml pH 4.0 Tris-HCl was used as a stop solution.
Materials and methods
Cell preparation
Quantification of lysis efficiency B. subtilis: Two microliters STD lysis buf fer was aliquoted individually into the wells of a 96-well PCR plate (STD plate), and 0.5 ml M2 buffer was aliquoted individually into the wells of a 96-well PCR plate (M2 plate). Twenty B. subtilis subtilis cells were sorted by flow cytometry into the lysis buffers in each well of the STD and M2 plates and also sorted directly into each well of the M3 plate (3 plates were done for each procedure). The STD plate was subjected to a freeze/thaw of -80°C (1 h)/65°C (10 min), and after a quick spin-down was placed on ice until the other 2 procedures were completed. The M2 plates were incubated at 50°C for 10 min. Lastly, the M3 plates were subjected to 5 freeze/thaw cycles of -80°C (1 min)/room temperature (1 min) before 1.5 ml alkaline buffer was added to each well in the plate. All plates were then kept at 65°C for 3 min, spun down, left on ice for 1 min, and then finally neutralized with 1.5 ml neutralization buffer (Tris-HCl pH 4.0; after neutralization the pH was 8.5). After the lysis procedures, all of the liquid from each well was transferred onto a Gold Seal Rite-On slide (Thermo Fisher Scientific). We prepared a water group in the 96-well plate for each procedure as a control: 20 cells were sorted into the same volume of water as the corresponding buffers and then subjected to the corresponding lysis procedures. Besides the groups mentioned above, 20 more cells were directly sorted on the slide to be defined as a directly sorted control for all 3 procedures. By comparing the intact cells in the lysis buffer group and in the directly sorted control, the lysis procedure efficiency can be evaluated; by comparing the intact cells in the lysis buffer group and in the water group, the lysis procedure efficiency was obtained.
Synechocystis: Synechocystis cells (10,000) were sorted into 200 µl lysis buffer for each of the 3 lysis methods and then processed with the appropriate lysis procedure. Intact cells in each sample were quantified by flow cytometry.
Cell isolation from a soil sample Fif teen grams of Utah deser t soil provided by Los Alamos National Laboratory were added to 150 mL Milli-Q water and blended in an ordinary blender at high speed (17,000 × g) for 1 min and then placed on ice for 2 min, with the procedure repeated 5 times. The sample was divided into 5 aliquots of 30 mL each in 50-mL tubes, and we then added 8 mL Nycodenz (VWR, Radnor, PA) into each tube with a sterile syringe. The samples were then centrifuged at 15,000 × g for 2 h at 4°C, which resulted in the formation of 3 layers. The thick and viscous middle layer was drawn out from each tube with a sterile syringe, and these extracts were combined together. Finally the combined sample was mixed together for 1 min, centrifuged at 10,000 × g for 10 min, and finally resuspended in 2 mL PBS.
Whole genome amplification (WGA)
Single cells from the Utah soil sample were sorted into lysis buffer in the wells of 96-well plates, as described above.
For each lysis procedure we tested 3 96-well plates, and in each plate there were 8 wells containing lysis buffer without single cells, serving as negative controls, so there were 264 replicates per method: (96-8) × 3 = 264. After the cells were lysed by each procedure, the PCR plate containing the lysed cells was incubated at 65°C for 10 min to denature the DNA. The plate was centrifuged at 1300 × g and 4°C for 30 s, and immediately stored on ice thereafter.
WGA by multiple-strand displacement amplification (MDA): The MDA master mix preparation and genomic amplification were performed according to the instructions for the REPLI-g Single Cell (sc) Kit (#150345; Qiagen, Hilden, Germany).
MDA master mix modified by Los Alamos National Laboratory (LANL):
The LANL modification of the MDA master mix was prepared as follows: 13.3 ml autoclaved DI water; 2 ml 1× F29 reaction buffer (New England BioLabs, Ipswich, MA); 0.2 ml 5 mM random hexamers (Keck, New Haven, CT); 2.0 ml 1 mM dNTP mix (Roche, Nutley, NJ); and 0.5 µl 0.25 U F29 DNA polymerase (New England BioLabs) were mixed. The master mix was aliquoted into each denatured sample. Genomic amplification was performed at 30°C for 16 h, followed by F29 DNA polymerase inactivation at 65°C for 10 min, and the samples were stored at 4°C. One nanogram of extracted DNA (using the same species as the experimental groups) was employed as a positive control, while negative controls included the same volume of DI water.
Locus bias score (LBS)
We chose six loci along the genome as a panel to validate the locus bias of amplified samples. The variance of the locus-based DC q (the quantification cycle number difference of test versus reference DNA) for this panel was termed the locus bias score (LBS). qPCR was performed on a 7500 Real-Time PCR Thermo Cycler (Applied Biosystems, Carlsbad, CA) using 2× Power SYBR Green PCR Master Mix (Applied Biosystems). For each locus, qPCR Master Mix (15.69 ml) including 1 mM specific primers (Supplementary  Table S1 ), was aliquotted to each well. The MDA amplicons mentioned above was sheared into 500 bp fragments using a Covaris LE220 Focused-ultrasonicator (LGC Genomics, Brighton, UK), and then their concentrations were measured using a Qubit fluorometer (Thermo Fisher Scientific). We adjusted each sheared amplicon concentration to the same concentration as the least concentrated sample by adding DI water. A 9.31-ml aliquot of the same concentration sheared amplicon was added as template. The PCR program was as follows: denaturation for 5 min at 95°C; 10 s at 95°C, 10 s at 45°C, and 1 min at 72°C for 45 cycles; followed by the standard melt curve analysis program. 
Data analysis
All data were analyzed in GraphPad Prism 6. To determine standard deviations and variances, t-tests and ANOVA were performed on the data. A P-value < 0.05 was considered significant.
Results and discussion
While there are a number of different single-bacterial-cell lysis procedures, we chose two lysis procedures developed by Roger Lasken and colleagues (6, 12) , designated as Method 2 (M2) and Method 3 (M3), to compare with our standard lysis method (STD) since they have been widely used. The lysis buffer preparation is described above, and the three methods are summarized in Table 1 .
B. subtilis is a Gram-positive, catalasepositive bacterium (13) also known as the hay bacillus or grass bacillus. Its tough, thick cell wall containing peptidoglycans and teichoic acids allows B. subtilis to tolerate extreme environmental conditions (17) . This makes B. subtilis an appropriate candidate to test the efficiency of the different lysis procedures, and its rod shape makes it easy to count cells under an optical microscope. For our study, the lysis procedure efficiency (LPE) is estimated by calculating the ratio between the number of post-lysis B. subtilis cells in the lysis buffer group and the number of post-lysis cells in the water group following each of the three lysis procedures. As shown in Figure 1A , STD has a higher lysis efficiency than M2 (95.70 ± 2.9% versus 84.62 ± 5.1%) (mean ± SD). Although there is no significant difference between STD and M3, the standard deviation for STD is lower than for M3 (91.67 ± 6.52) ( Figure 1A) . Since the lysis efficiency of M2 is less than that of STD and M3, we did not include it in further testing.
We next compared STD and M3 on an organism with a higher resistance to lysis, which in this case was Synechocystis, a genus of cyanobacterium in found in water and in desert soil. Synechocystis is Gram-positive, with a protective outer sheath (13) The STD and M3 procedures were then compared for their lysis efficiency on single cells isolated from a soil sample from Utah. For WGA of the DNA isolated from the single cells, we used the MDA method of the REPLI-g sc Kit (which also contains a cell lysis method not used in this part of the study) since it is a commonly used for single-cell genome research (5, 6, 18) . This kit contains an optimized F29 polymerase formulation, buffers, and reagents for single-cell WGA. After singlecell WGA, STD allowed greater recovery of 16S rRNA gene fragments than M3 (11.74 ± 1.24% versus 2.27 ± 1.01%; n = 264) from single cells from a Utah soil sample community. Furthermore, many more species were identified by 16S rRNA gene sequencing when single cells were lysed using STD rather than M3 ( Figure  2 ), including microbes found in extreme environments (19) (20) (21) (22) . Though most of the genuses recovered by the two methods were Gram-negative, the results demonstrated that the two methods differed in the species recovered (Figure 2) .
The DC q method is commonly used to quantify the copy number difference of the inputs for qPCR. Accordingly, it is reasonable to apply the DC q method to determine the copy number (or fold) difference when an identical amount of a test sample and reference DNA control are used as the inputs for parallel qPCR Table S1 ). These loci were selected to represent regions with very different levels of amplification by standard MDA.
The DC q ( n ) for each locus (n = 1, 2,…, 6) was defined as
where C q (x n ) denotes the C q value of the locus n in the tested sample x, and C q (r n ) denotes the C q value of the locus n in the reference sample r. For a given sample, the average DC q and the standard deviation for the panel of six loci are respectively denoted as AvDC q and SdDC q : The standard deviation of the LBS was calculated from amplification and the qPCR. A lower LBS reflects better amplification or better integrity of the genome template. Thus, the LBS technique allowed us to choose the least biased WGA products for later sequencing.
Using this method, we could evaluate which lysis procedure is the gentlest (i.e., keeps the genomic DNA more intact). We compared genome recoveries from single cells of E. coli using different combinations of lysis procedures and WGA procedures. For these tests, we also included the lysis procedure of the REPLI-g sc kit and compared our L ANL WGA method with the REPLI-g sc WGA method. In the experiment, E. coli DNA (0.7 ng) was used as the reference DNA. The comparative DC q of all of the amplicons versus the reference DNA indicates the copy number difference when identical amounts of sample and reference DNA are used as inputs for parallel qPCR reactions (23) . The same volume of DI water was used as a negative control. The standard deviation of the locusbased C q for the panel of six loci is the LBS and it indicates the amplification bias for each amplicon.
The procedures evaluated by LBS were: STD lysing followed by REPLI-g sc Kit WGA (STD/REPLI-g); STD lysing followed by LANL WGA (STD/LANL); REPLI-g sc lysing procedure followed by REPLI-g sc WGA (REPLI-g/REPLI-g); and M3 lysing followed by REPLI-g sc Kit WGA (M3/REPLI-g).
We found that the LBSs of STD/ REPLI-g, STD/LANL, and REPLI-g/ REPLI-g were all significantly lower than that of M3/REPLI-g (Figure 3 ). This difference in LBS suggests that less bias resulted during genome recovery when we used the STD and REPLI-g lysing methods. From Figure 3 , it can also be observed that different loci varied slightly in their C q values among the replicates, even for the original reference gDNA. This is probably due to variation in the qPCR technique, which also explains the variation between samples even from the same lysis group. Due to the lower variation in the STD group, STD showed less bias than M3 when amplified using the REPLI-g sc Kit. The LBSs of E. coli single-cell genome recovery of STD/REPLI-g and STD/ LANL were similar, which means that the efficiency of the LANL WGA is comparable to that of the WGA of the REPLI-g sc Kit; however, the LANL reagents are much less expensive (almost one-fifth the cost of the REPLI-g sc Kit). This is an advantage for the LANL WGA method. One limitation of this study may be that different growth rates of bacteria in environmental samples may make it difficult to determine whether there was exactly one copy of genome template in each single cell; however, this can be solved by increasing the sample size, minimizing the deviation between different groups of bacteria.
Our study has demonstrates that the STD lysis method is not only highly efficient in lysing laboratory-cultured, tough bacteria, but is also in analyzing environmental samples. The STD lysis procedure allowed better recovery of 16S rRNA gene fragments and detection of more bacterial/microbial species. We also demonstrated that higher quality genome templates can be obtained by lysis using STD rather than M3 and that a high alkaline treatment combined with our freezing/heating procedure can very efficiently lyse bacterial cells and can be applied to environmental samples for the recovery of genomes and the detection of diverse bacteria. The STD cell lysis method is milder on genome templates than the other frequently used methods described in the literature, and our LANL WGA method is more economical than a commercially available kit. Our new approach will be valuable for genomic research in many disciplines and useful in surveys based on the sequencing of single cells from diverse and uncharacterized bacterial communities.
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